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ABSTRACT 


This report consist* of a series of short discussions 
covering various characteristics of the electromagnetic data 
obtained on a NASA F-106B aircraft during direct lightning 
strikes. Time scales of interest range from 10 ns to 400 p*. The 
following topics are discussed! 

Lightning current, 2, measured directly versus I obtained 
irom computer integration of measured Z-dot. 

A method of compensation for the low-frequency cutoff of the 
current transformer used to measure I. 

Properties of fast pulses observed in the lightning time- 
derivative waveforms. 

The characteristic D-dot signature of the F-106B aircraft. 

An RC-discharge interpretation for some lightning vaveforms. 

A method for inferring the locations of lightning channel 
attachment points on the aircraft by using B-dot data. 

Simple, approximate relationships between D-dot and I-dot and 
between B and I. 

Estimates of energy, charge, voltage, and resistance for a 
particular lightning event. 
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I. INTRODUCTION 


During tha past fav yaara, lightning atrikva to tha NASA F- 
106B aircraft hava yialdad much nav alactromagnatic data on 
aircraft-lightning intaractiona. Thia raport briafly axaminaa 
aavaral of tha mora obvioua charactariatica of tha data. Raaulta 
of controllad laboratory taata at Taxaa Tach Urivaraity aa vail aa 
raaulta from approximata thaoratical ralationahipa ara uaad for 
data intarpratation. Hoot of tha lightning atrikaa undar 
diacuaaioa ara from 1982, with juat a aingla, although Important, 
atrika from 1984. 

Ralatad raaaarch activitiaa at Taxaa Tach which ara not 
axpllcitly diacuaaad in tha praaant vork includa an axparimantal 
atudy of tha alactromagnatic raaonancaa of a modal of tha F-106B 
attachad to raaiatlva viraa C13 and an axparimantal atudy of apark 
initiation on an laolatad, conducting objact in a atrong 
alactroatatlc fiald (in prograaa). 
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II. RESULTS FROM 1982 DATA 


CsbrieIisq s i l aod I-sta& SiQisc* 

Two transient racordara vara uaad in 1982 and vara avitchad 
among tha four alactromagnatic aanaora ahovn in Fig. 1 . A fav 
lightning atrikaa vara obtainad vith tho racordara connactad to 
tha- I and X-dot aanaora, which maaaura tha currant snd tha tima 
darivativa of tha currant on tha noaaboom. Tha raaulta from tha 
atrika vhich producad tha largaat currant <82-44-04) ora ahovn in 
Fig. 2. Tha lightning vavaform dapictad in tha figura ia a 
currant pulaa vith a faat riaa tima and a alov fall tima. Tha 
figura comparaa X to tha tima intagral of X-dot in ordar to taat 
tha conaiatancy of tha two maaauramanta. A amall diaplacamant in 
tima han baan introducad ao that tha two curvaa ara not confuaad. 
Notica that tha agraamant ovarall ia quita good. Howavar* tha 
af facta of tha coaraa quantization of tha 6-bit tranaiant 
racordara ara vary avidantt in tha X vavaform, tha jumpa batwaan 
adjacant amplituda lavala ara quita larga, and in tha intagratad 
X-dot vavaform tha antira trailing adga of tha lightning pulaa ia 
rapraaantad by a conatant alopa. Thia conatant daclina raaultad 
from a conatant nagativa laval in X-dot. Tha actual X-dot valuaa 
wara ao amall on tha trailing adga of tha pulaa that tha racordar 
digitizad all of tham in ita firat laval balow zaro. Thia may ba 
aaan in tha X-dot racord, vhich ia ahovn in Fig. 3. Rafaring to 
Fig. 3, notica alao that tha X-dot aignal want off acala briafly 
during tha faataat-riaing portion on tha landing adga of tha 
pulaa. Thua aoma poaitiva araa waa miavad for tha intagration. 
Thia ia conaiatant with tha fact that tha intagratad I-dot curva 
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in Fig. 2 gotta alightly below tha zero axia at the vary and of tha 
pulaa. 

I-S9DIBE 12E20B 

For lightning aignaturaa which variad mora alowly than tha 
pulaa ahown in Fig. 2 , cha Z aanaor waa found to introduce 
diatortion in tha fora of droop . Thia ia to ba axpaotad r/ince 
tha I aanaor waa a currant tranaforaar with a lower cutoff < - 3 
dB> frequency f 0 ■ 2.8 kHz. Bacauaa of tha droop, unipolar 
lightning curranta appeared aa bipolar at tha aanaor output, tha 
affect being pronounced unlaaa tha lightning pulaa ' wngtha ware 

auc$f. iaaa than <2n fo>”* " 80 pa. 

In order to aatianta tha true lightning aignaturaa from tha 
aanaor output waveformo, wa have meaeured tha tranefer function 
of tha aanaor in our laboratory and have written a computer 
program which uaaa tha tranofer function to put tha low-frequency 
content back into tha waveforma C23. Tha program eeeent tally juat 
Fourier tranaforma tha aanaor output waveforma, dividaa by tha 
tranafar function, and invaraa tranaforma tha raaulta. Two 
axamplaa of waveforma procaaaad with thia program are ahown in 
Figa. 4 and 5 (82-41-19 and 82-41-22). Each example ahowa tha 
procaaaad and unprocaaaad waveforma auparimpoaad. Notice that 

moat of tha undarahoot ia removed by tha proceeeing and no ia not 

* 

a true characteristic of tha lightning. 

F»£ PullCI tbt Wiy?f 2 rm S 

A common feature of many of tha lightning time-derivative 
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wavaforma la tha appaaranoa of vary faat pulaaa. Tha puJLaaa occur 
aithar aingly or in groupa, and tha avaraga nuabar of pulaaa par 
group for 1962 vaa 2. 4. An axaapla of a group of 3 pulaaa in a D- 
dot wavaform ia ahown in Pig. 6 (82-38-02). Tha 10 na aaapla 
intarval of tha tranaiant racordara ia not abort anough to provida 
datailad pulaa ahapaa. In fact, tha pulaaa ara only tvo or thrva 
aamplaa in width, and thair trua paak valuaa ara probably oftan 
aiaaad in tha aampling procaaa. In 1982, aurpriaingly, ill of tha 
D«dot and B-dot pulaaa wara of poaitiva polarity. Thia 
corraapcnda to incraaaing poaitiva charga at tha front of tha 
aircraft (whara tha 0-dot aanaor ia locatad) and incraaaing 
currant fora-to-aft along tha fuaalaga (whara tha B-dot aanaor ia 
locatad). Tha fact that all tha pulaaa had tha aama polarity 
impliaa a charging machaniam attachad to tha airplana. That ia, 
an axplanation for tha charga accumulation baaad aolaly on tha 
polarization of tha airplana by an ambiant alactric fiald ia not 
aatiafactory ainca tha ambiant fiald would not alwaya ba oriantad 
ao aa to put tha aama polarity of charga on tha noaa. 

For tha pulaaa that occurrad in groupa of two or mora wa hava 
mwaaurad tha tima intarvala batwaan adjacent pulaaa. Fig. 7 ahowa 
tha diatribution of thaaa tima intarvala; tha avaraga valua ia 300 
na. Unfortunataly, thara ia probably aoma inaccuracy in tha 
diatribution at abort timaa bacauaa of tha ringing of tha 
aircraft. Tha pulaaa axcita tha alactromagnatic raaonancaa of tha 
aircraft, which taka about 300 na to ring down [33. (The pariod 

of tha lowaat-fraquancy raaonanca ia about 160 na. ) Thua a waak 
pulaa following within 300 na of a atrong ona may ba obacurad by 
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D-dot waveform showing three fast pulses, strike 
82 - 38 - 02 . 
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E-1Q6B Siaoiiyct 

A typical axanpla of aircraft ringing ia aaan in Pig. 6 
following tha aacond, and largaat, pulaa. An axpandad plot of 
thia portion of tha vavaform ia ahovn in Pig. 8, laballad P-106. 
Notica that tha ringing conaiata in part of a prominant doubla 
huap ahapa. Thia ahapa haa alao baan obaarvad in laboratory 
acala-aodal taata C4 3, and ona of tha wavaforma from tha 
laboratory modal ia ahovn in Pig. 8 for compariaon with tha P-106 
data. Prom tha laboratory taata it haa baan found that tha doubla 
hump raaulta from tha raflaction from tha raar of tha aircraft of 
a faat currant changa. That ia, tha ahapa ia producad by a 
currant atap which ia injactad at tha front of tha aircraft, 
travala to tha raar, and than partially raflacta from tha trailing 

adga of tha vinga (firat hump) and than from tha and of tha 

fuaalaga and tail (aacond hump). Thia ahapa ia a charactariatic 
aignatura of tha P-106 in raaponaa to currant injaction at tha 
noaa. It ia claarly obaarvad 58 timaa in tha 1982 D-dot data. 

Tha poaitiva polarity of tha pulaa pracading tha humpa maana 
a poaitiva changa in tha charga on tha noaa, ao that alactrona 
muat hava axitad thara. Saa Pig. 9. Thia ia an intaraating 
raault bacauaa it maana that tha noaa of tha aircraft vaa acting 
aa a nagativa tip, and it ia known from laboratory atudiaa C53 
that in a rod-plana gap, if tha rod ia nagativa, a highar voltaga 

muat ba appliad to cauaa aparkovar than if tha rod ia poaitiva. 
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BiisbiCfliQfl 


Tha variation of alactric fiald, E, corraaponding to th* D- 
dot wavaform in Fig. 6 haa baan obtainad by intagrating and 
dividing by €o* Tha raault ia ahovn in Fig. 10. Tha faat puiaaa 
in D-dot appaar aa amall, abrupt inoraaaaa in alaotric fiald, 
vhila tha main faatura of E ia an approximataly axponantial riaa 
to 360 kV/m. Thia indicataa that tha aircraft axpariancad an 
incraaaa in poaitiva charga or a dacraaaa in nagativa charga, vith 
a tima conatant of about 680 na. Tha location of tha zaro 

alactrie-fiald laval ia not known and haa baan arbitrarily looatad 

» 

at tha bottom of tha plot. Thraa curvaa, rathar than ona, hava 
baan plottad in ordar to ahow tha affact on E of tha uncartainty 
in tha axact valua of D-dot dua to tha 6-bit quantization of tha 
tranaiant raoordar. Tha middla curva ia tha intagral of tha 
fctual D-dot data, and tha uppar and lowar curvaa ara, 
raapactivaly, tha intagrala of tha data aftar tha D-dot zaro laval 
had baan ahiftad up and down by 1/2 of a laaat-aignificant-bit 
(LSB) . 

Valuaa of maximum E and tima conatant, *t, for aavaral 
lightning atrikaa which ahowad approximataly axponantial 
diacharging (or charging) lika that in Fig. 10 ara givan in Tabla 
I. AJL1 of thaaa wavaforma wara aimilar to Fig. 10 in that thay 
containad, firat, a briaf alowly riaing portion, than a faw rapid 
incraaaaa, and finally a longar, quaai -axponantial riaa. Tha t 
valuaa vara maaaurad aa tha tima raquirad for tha curvaa to raach 

(1 - a -1 ) of thair final valuv, not including tha alow riaa at tha 
baginning. 
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Table 1. Aircraft Diacharging Paraaatara 


-S&Elkt 



t <n«! 

82-38-02 

360 

680 

82-38-04 

120 

670 

82-40-04 

190 

900 

82-40-07 

440 

370 

82-42-06 

160 

630 

82-42-09 

240 

600 


Fig. 11 ahowa tha waveform of B-dot that vaa racordad 
aimultaneoualy with tha D-dot waveform of Fig. 6. Tha time 
intagral of B-dot ia ehown in Fig. 12, with tha affaot of a t 1/2 
LSB changa in B-dot illuatratad by tha multiple curves. 
Unfortunately, thaaa 1/2-bit changaa cauaa a large variation in 
tha final value of B, indicating tha need for finer quantization. 
Actually, tha B-dot waveform vaa altered in one raapact prior to 
integration! tha value of tha large poaitiva peak, which waa at 
fu^l aggie for tha recorder, waa incraaaad. If thia had not bean 
dona, tha final values of all three of tha curvaa in Fig. 11 would 
have bean negative, indicating a large continuing currant flowing 
on tha aircraft inataad of a abort pulaa. While continuing 
currant ia poaaibla, data racordad in 1984 suggaat that tha 
currant in tha preeent caaa waa actually in tha form of a abort 
pulaa. A quick look at 1984 data <84-17-01) ahowa D-dot and B- 
dot wavaforma aimilar to thoae hare, but in addition, thanka to an 
incraaaa in tha number of data channala, it alao ahowa I; and tha 
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Z waveform im essentially a short puXmm. Thus, sines ■ and Z mru 
closely related, ve assume in the present case that the final 
value of ■ should be zero, and ve have multiplied the peak •-dot 
value by the factor, 4. 27, vhieh achieves this. 

The picture that emerges from Figs. 10 and 12 taken together 
is that of a pulse of current which discharges the airplane. The 
situation is similar to the discharging of a capacitor through a 
resistor. If one assumes that the airplane is the capacitor, with 
a capacitance of approximately 500 pF (Appendix X), then, using t 
■ RC, the 660 ns time constant gives a resistance of 1.4 kft for 
the circuit. The initial voltage, V, of the airplane can be 
estimated also. One way to do this is to estimate Z from ■ and 
then make use of thd fact that, at the instant when discharging 
begins, V ■ Imax R » where Z*ax is the maximum value of the current. 
To relate Z and B ve use the approximate result C6J 

B * |i 0 I / (2n r) , (1) 

where r is the effective radius of the airplane at the location of 
the B-dot sensor. Substituting 35 E-6 T for maximum B (from Fig. 
12) and 3. 0 m for r (from C61), gives I max « 530 A. Then V - 740 
kV. 

Chaoses io WaXtfSES §c*ctr§ wi£b Attichmant -Paint bSSlilSQ 

As part of the laboratory scale-model tests described in C43, 
a model of the F-106B was connected to a pair of wires in four 
different ways to provide a variety of entry and exit points for 


currant pulses. The currant entry and exit pointa ara liated in 
Tabla II. 


Tabla II. 

Wire Attachmanta 

on Modal 

C&Dilauca&iQD— 

Entry 

Esii_ 

1 

noaa 

angina exhaust 

2 

noaa 

port wingtip 

3 

starboard wingtip 

port wingtip 

4 

bally 

tail 


For aach attachment point configuration, transfer functiona 
vara computad ralating tha eignals aaaaurad from amall aanaora 
aountad on tha modal to tha entry-wire signal applied by a pulaar. 
Fig. 13 ahova tha tranafar functiona for a B-dot aanaor which vaa 
locatad and oriantad lika tha B-dot aanaor on tha actual airplana 
ahovn in Fig. 1. Aa indicated on Fig. 13, tha tranafar functiona 
are defined aa Bl<v) / Vm<v), where Bl<*> ia the Fourier 
tranaform of tha tiaa-intagral of tha B-dot aanaor output and 
Vin<v) ia tha tranaform of tha pulaar voltage. Tha frequency axaa 
have bean acalad to corraapond to tha actual plana. An inaat 
along aide aach tranafar function illuatrataa tha modal with wiraa 
to ahow tha attachment locationa. 

Tha curvaa in Fig. 13 give information on tha varioua 
raaonant modes of tha modal that ara excited by tha currant 
pulsee. Soma of tha main charactariatica of tha curves ara, 
first, for configurations 1 and 2, a peak at 7 MHz, aacond, for 
configuration 3, a dip at 13 MHz, and, third, for configuration 4, 
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a paak at 20 MHz. Our intarpratation of thaaa oharaotariatlca la 
aa foil ova: Tha 7 MHz raaonanca ia tha lovaat ona and haa currant 

flowing in tha aaaa direction along tha vhola langth of tha 
fusalaga (lika a half -vavalangth dipolw antanna). It ia atrongly 
axcitad in conflgurationa 1 and 2. In configuration 4 tha 7 MHz 
raaonanca in not axcitad bacauaa tha midahlp attachmant givaa 
currant to tha front and back simultanaously ; tha apactrum paak ia 
nov at 20 MHz. In configuration 3 tha 13 MHz raaonanca ia 
conapicuoualy abaant. Evidantly it ia not axcitad by tha vingtip- 
to-wingtip input. 

Thaaa raaulta laad ona to tha concluaion that# if tha 
attachmant point locationa vara unknovn# it vould ba poaaibla to 
infar tha locationa baaad on an inapaction of tha tranafar 
function. Thin idaa can alao ba axtandad to tha in-flight data. 

Fast componanta in tha lightning signaturas can axcita many 
of tha aircraft raaonancaa# and# in fact# in-flight B-dot 
wavaforms oftan hava spactra raaambling tha modal tranafar 
functions in Fig. 13# and it is aaay to pick out tha thraa casaa# 
paak at 7 MHz# dip at 13 MHz# and paak at 20 MHz. Thua vhan va 
saa a particular caaa in-flight# va infar tha corraaponding 
attachmant. Hovavar# va cannot say EESSifiSiZ vhara tha 
attachmant points vara locatad. For axampla# currant antry at tha 
noaaboom or at tha front of tha fuaalaga vould ba axpactad to giva 
about tha aama rvrionancaa. Alao# notica that thara ia littla 
diffaranca in tha tranafar functions for configurations 1 and 2# 
vhara tha axit point va a changad. It ia probably trua in ganaral 
that tha location of tha axit point do aa not affact tha tranafar 


23 


functions very much in the resonance region (f 2 7 MHz) because 
only a small amount of current is carried off by the wire. 
Furthermore, a nearby lightning flash, with no attachments at all, 
might produce spectra similar to those discussed here. Thus, at 
best, we infer only the likely region for current entry. Table 
III categorizes some in-flight results. 

Table III. Inferred Attachments 

Spectral Attachment In-Flight 

ChlClSifEil&lS lEQt£Xi SglffiBlfl- 

peak at 7 MHz nose 82-38-02 (see C33), 

82-38-04, 82-40-04, 

82-40-07, 82-42-06, 

82-42-09 

dip at 13 MHz wingtip 80-38-04 (see C43) 

peak at 20 MHz mid-fuselage 80-38-01 (see C43), 

80-38-03A, 81-26-10, 
82-37-04, 82-38-07B 
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III. RELATIONSHIPS AMONG THE WAVEFORMS IN STRIKE 84-17-01 


The waveforms from the 1984 strike number 84-17-01 are 
similar to the 1982 aircraft-discharging waveforms already 
discussed, but they represent a more complete set, originating 
from eight rather than two external sensors. Several interesting 
comparisons can be made among the eight. Basically the event 
consisted of a several -hundred-ampere pulse at the noseboom, with 
a peak I-dot of 26.8 E+9 A/s ( or 26.6 kA/ps). This is not a 
large current for lightning, but it produced a significant 
transient on an internal fuselage wire that went off-scale at 52 
V. The signature of the current is a common one for strikes to the 
F-106B, consisting of a fast rise with some structure and a slow 
fall. 

Data from 1984 is further improved because of the use of 8- 
bit, rather than 6-bit, transient recorders. 

I SQd X-dgt 

The I sensor measuring noseboom current during 1984 was a 
shunt rather than a current transformer as in the past. On 
comparing the I waveform from 84-17-01 with the time-integrated I- 
dot waveform we find, in contrast to our similar comparison in 
Fig. 2, rather poor agreement. The waveforms are shown in Figs. 

14 and IS, and several differences between them may be noted. 

The trailing edge of the pulse is almost completely missing in 
Fig. 15. This is due to insufficient dynamic range in the I-dot 
record. More specifically, the slope on the trailing edge in Fig. 
14 varies from -8. 7 E+8 A/s toward zero and thus is always less 
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than tha first digitized lavai (below zaro) in tha I -dot record, - 
19 E*B A/a. Othar diffarancas batvaan tha vavaforaa ara that tha 
paak valua in Fig. 15 ia auch greater, and tha curva daacanda *or»» 
quickly following tha paak than in Fig. 14. We axpactad that tha 
aaplituda of intagratad Z-dot would ba graatar than X, bacauaa tha 
arrangaaant of aanaora on tha aircraft waa auch that aoaa of tha 
currant bypaaaad tha ahunt but all of it want through tha Z-dot 
sensor; but tha two wavaforaa wara axpactad to hava tha aaaa 
ahapa. Tha diffaranca in ahapa may ba dua to quantization arrora 
in Z and Z-dot or to soma problam with tha shunt. Furthar atudiaa 
ahould ba , dona to datarmina which of thaaa is tha case, bacauaa 
intarpratation of tha data is vary difficult without knowladga of 
tha trua currant wavaform. 

asd 

A vary aimpla thaoratical traatmant (Appandix II) pradieta 

that 


O-dot * I -dot / (2n rc) (2) 

for any fast disturbance, whara r ia tha affactiva radius of tha 
airplana at tha location of tha noaa O-dot aanaor. In ordar to 
aaa how closaly tha actual raaults follow tha aimpla theory, wa 

hava takan tha valuas 5.07 A/m2 and 1.14 E+10 A/a from tha first 
paaka (Pi> in D-dot and Z-dot for substitution into this aquation. 
Tha wavaforma ara ahown in Figs. 16 and 17, raspactivaly. Using r 
■ 0. 8 m, tha rasult is 5. 07 « 7. 36, which ia not too bad. 
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l-dai id 4 I-dfii; I sod X 


The UNfulnvaa of Eq. 1 in Soot ion II of this report may bo 
chockod by using tho equation to determine tho vaiuo of r for a 
nunbor of difforont aoto of B and I poak valuoo. B-dot and I -dot 
poaka may also bo used. For Eq, 1 to bo useful, tho valuoo of r 
obtained should bo nearly tho same. Table IV shovs some results, 
Tho first throe entries in tho table are taken from data appearing 
in C61. 


Table IV. F-1Q6B Effective Radius, r 


Source 
sX.Ql&l 

Peaks 

Compared 

r 

iai_ 

Langley 

B-dot, I -dot 

4. 1 

gnd. test 

INDCAL 

B-dot, I -dot 

3.6 

code 

Texas Tech 

B,X 

3.0 

lab. model 

84-17-01 

B-dot, I -dot 

2.7 

84-17-01 

(first peaks) 
B-dot, I-dot 

3.8 

84-17-01 

( largest peaks ) 
B, I ( from shunt ) 

3. 2 

84-17-01 

B, I (from I -dot) 

3.7 

The B-dot waveform and its time integral, B, 

used for the last 

four entries in Table IV 

are plotted in Figs. 

18 and 19. All 

values of r in the table 

cluster together, lying between 2. 7 and 

4. 1, except for the last 

one, at 5. 7. There 

does not seem to be 

any obvious explanation : 

for this large value. 

Possibilities 


appear to be, first, inaccurate data due to inadequate sampling 
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spsad and, sscond, inaccuracies due to •xotuiv* spacing between 
aaplituds quantization lavals. 

X and I 

Ths intagral of ths noss D-dot signal in Fig. 16 loads to tha 
E waveform of Fig. 20. This rsvsals airaraft discharging liks 
that discusssd abovs for ths 1982 data. However, for 84- 17-01 
mors comp.lsts data is availabls. In addition to ths four ssnsors 
already dsneribsd (Fig. 1), othsr ssnsors vsrs ussd as follows! I 
on ths tail, D-dot on ths tail, D-dot undsr ths port wing, and ■- 
dot undsr ths port wing for transvsrss currants. Ths tail Z 
rocord consists of fluctuations bstwssn 0 and 71 A during ths 
sntirs length of ths transient recorder memory, 690 ps. 71 A is 
ths first lsvsl abovs zsro, and so ths avsrags currant was, vary 
roughly, 39 A. Ths polarity was such that slsctrons wars flowing 
onto ths airplans. Wa intsrprst this as a wsak, continuing 
lightning-channsl currant which was gblCOiSfl &hS ll£BllQl* A 
largs amount of corona would bs expected on ths airplans 
sxtrsmitiss during this charging phass. Whan ths rsquirsd 
conditions wars mat, a nsw channsl formsd from ths nossboom, and 
ths airplans was dischargsd. Ths dsvslopmsnt of ths nossboom 
channsl probably took placs in step-wise fashion. This is 
suggsstsd by ths structurs on ths landing sdgs of ths currant 
pulss in Fig. 14. Two consscutivs sharp risss in currant ars 
assn; thsy ars labslsd P], and ?2 in ths figurs. Thsss sharp 
incrsasss corrsspond to pulsss in ths I -dot wavsform, and ths 
pulsss havs bssn labslsd with ths sans notation in Fig. 17. In 
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fact, the two events ere also revealed in D-dot and C. See Figs. 
16 and 20. The eltuation here ie an exaeple of a group of faet 
pulaee like those analyzed earlier in this report in Fig. 7. We 
thus cone to interpret these pulses as corresponding to the 
development, or connection, of a discharge channel. Once the peak 
current is reached in Fig. 14, there is a brief semi-flat spot, 
and then an exponential decay begins as the charge stored on the 
aircraft pours into the new channel. The exponential discharge is 
also seon in the C vaveforn of Fig. 20. Renenber that, vith this 
interpretation, the true zero of E would be at the top of the 
curve, not at the bottom. 

A simplified equivalent circuit for this scenario is shown in 
Fig. 21. The airplane is represented by the capacitor, C. 

Charging current at the tail is supplied by the source I e , and the 
channel at the noseboom is represented by the variable resistor. 
One imagines that the resistance of the resistor drops from a high 
value in step-wise fashion, producing the pulses Pj, and P 2 , and 
reaches a value, R, for the discharge phase. 

We have taken the beginning of the discharge phase to be at 
point X in Fig. 14. The time constant, t, for the discharge (the 

time to fail to e~l) is found from Fig. 14 to be 920 ns. With 
reference to the circuit in Fig. 21, a number of electrical 
parameters can now be computed. Using *r ■ RC, the resistance, R, 
is found to be 1040 0. The voltage across the capacitor, C, and 
thus the airplane, after the channel has connected and the 
discharge begins is given simply by V * - IR. Taking I as the 
current at point X in Fig. 15, 665 A, gives V * - 692 kV. Here it 
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Pig; ' 21 . Equivalent circuit for aircraft 

charging and discharging scenario 
applied to strike 84-17-01. 
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is better to uee Fig. 15 then Fig. 14 becauae, ae mentioned above, 
eome fraction of the total current bypaeaed the aeneor which waa 
uaed to obtain Fig. 14. Next, the total energy, W, atored in the 

capacitor ia given by W ■ 1/2 CV2 ■ 120 J. The peak power 
delivered to the channel can alao be found: P ■ - IV ■ 4.60 E+8 
W, or 460 MW. 

An alternative method for calculating the voltage and energy 
uvea the charge, q, tranaferred from the capacitor. From Fig. 21 
one aeea that the capacitor current ia the difference between the 
tail current <I C > and the noaeboom current (current through R). 
Integrating thie difference givee q ■ - 298 E-6 C. To determine 
the charge, Q, on the capacitor at time X, q muat be added to the 
charge remaining at the end of the pulae, which ia given by - CI c R 

- - 18.2 E-6 C. Thua Q - - 316 E-6 C, and V > Q/C - - 632 kV. 

Then W - 1/2 CV2 - 99.9 J. 

The two methoda in the preceding paragrapha for calculating 
the energy give nearly the aame reaulta, and we conclude that W * 
100 J. Note that our calculatione apply to the diacharge phaae of 
the event; a quantitative analyaia for the channel development 
phaae, when the reaiator in Fig. 21 ia varying, haa not yet been 
carried out. 

A email but intereating effect, which we neglected, ia the 
very alight drop in E after 1.3 pa in Fig. 20. Thia may be due to 

a late-time .increaae in the channel reaiatance, R. Another reault 

from Fig. 20 ia that the time conatant for diacharge of E ia leaa 
than that for I in Fig. 14. Thia inddcatea the approximate nature 
of our underatanding of thia type of lightning event; future data 
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should help to provide a better understanding. 

To put the values oalculatsd above into perspective, we have 
cospared the electrical discharge from the airplane to the 
discharge of a typical power -supply capacitor in an electronics 
package. The results are shown in Table V. The peak power, P, 
was calculated in both cases assuming a resistance of 1040 0. 

Table V. Comparison of Discharges, Airplane and Capacitor 



. C (uF) . 

V <V> 

fi _ik*C> w <J> 

E_m_ 

Airplane 

. 0005 632, 000 

316 

100 

4.20 E>8 

Capacitor 

100 

100 

10, 000 

0. 5 

96.2 


One can see from the values that C and Q are small for the 
airplane, but V is large. Thus the energy stored and the peak 
power, delivered are large for the airplane. 


IV. CONCLUSIONS 


This report is concerned with the extraction of information 
from the in-flight data, and several basic types of information 
have been discussed. These are 1) the consistency and accuracy of 
the data recordings, 2) the electromagnetic characteristics of the 
lightning, and 3) the electromagnetic characteristics of the F- 
106B. 

Qi£i £sqi1i& 9QS£ and Ac&ycisz 

Comparisons betveen I and the time-integral of I-dot shoved 
good agreement in Fig. 2 (from 1982) but poor agreement in Figs. 

14 and IS (from 1984). Finding the reason for the lack of 
agreement in Figs. 14 and 15 will require the study of data from 
additional strikes. 

The old I sensor distorted the lightning pulses because of 
its low-frequency cutoff behavior, making the pulses bipolar. See 
Figs. 4 and 5. We shoved that we could correct for this 
distortion. Actually, there are only a few old waveforms that 
need to be processed in this way, but they are significant ones 
because they tie together the F-106B data with ground-based 
studies of other workers. These waveforms (Figs. 4 and 5) are 
similar, for example, to the lightning current waveforms that have 
been inferred by Weidman and Krider C73 from remote measurements 
of lightning fields. 

Computer integration of the time derivative data, as in Figs. 
10 and 12, can leave considerable uncertainty in the final value 
of the integrated waveform, due to the errors introduced by 
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quantizing the data. Tha new 8-bit tranaiant racordara will halp 
to allaviata thia problem, but tha gaina of tha racordara auat 
alvaya ba carafully adjuatad to maka aaxiaum uaa of tha availabla 
dynamic ranga. 

Chicict«Ei«tisi s t ib* Uiabtoioa 

Faat pulaaa, lika thoaa aerkad with arrowa in Fig. 6, ara 
vary prominant in tha time-derivative data. Thay coma in bunchaa 
of two to thraa and ara among tha faataat componanta fXCE obaarvad 
in lightning fialda. Thay may ba aaaociatad with tha davalopmant 
of laadar channala on tha noaeboom, aa illuatratad in Fig. 9 , 
whara nagativa charga ia carriad off of tha airplana. Tha tima 
raquirad for thraa pulaaa ia typically in tha ranga 100 to 700 na. 

By intagrating D-dot wavaforma lika tha ona in Fig. 6, ona 
diacovara that thara ia an approximatoly axponantial variation in 
D, and E, following tha occurranca of tha faat pulaaa. Thia ia 
aimilar to tha dacay of tha voltaga of a capacitor aa it 
diachargaa into a raaiator. A poaaibla intarpratation of tha 
ovarall avant ia that a channal ia producad during tha tima of tha 
pulaaa, and tha charga on tha aircraft dumpa into thia channal 
during tha tima of tha axponantial variation. In Figa. 14 and 20 
tha wavaforma for E and aimultanaoua currant, I, ara givan for ona 
auch avant, atrika 84-17-01. Valuaa of varioua quantitiaa for tha 
axponantial diacharga phaaa ara givan in Tablaa I and V, whara all 
valuaa aaam raaaonabla. In particular, in 84-17-01 it appaara we 
hava an avant with an anargy of 100 J, which ia fairly potant. 

If tha BC-diacharge idea for atrika 84-17-01 ia correct, tha 
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nec essary apparatus for an approximate simulation of this svsnt on 
the ground is suggsstsd by Fig. 21 t A high-voltags power supply 
is connsctsd to ths tail of ths aircraft through a largs resistor 
to simulate the source, I c . The aircraft is charged to - 6S0 kV 
and then allowed to spark over at the noseboom to a 1000 0 
resistor connected to ground. 

Although Section III contains numerous comparisons between 
measured quantities, one ratio of quantities has thus far not 
been mentioned-- E / H. From Figs. 19 and 20 and using B ■ |io H 
we find (max. E)/(max. H) * 3710 0. This value is ten times that 
of a free-space electromagnetic wave, indicating the importance of 
the electric field vis-a-vis the magnetic as earlier suggested by 
Baum C83. 

Finally, the simple relationships between D-dot and I-dot in 
Eq. 2 and between B and I in Eq. 1 are only roughly correct for 
the lightning fields. 

£hS£SS£:9£ifi£iSS s£ the F-106B 

The double-hump signature shown in Fig. 8 is a characteristic 
of a nose-mounted 0-dot sensor on the F-106B or other similar 
delta-wing aircraft subjected to a fast transient input at the 
nose. It is an example of the influence of aircraft shape on 
lightning waveforms. 

Because of aircraft resonances, the spectral content of 
lightning signals from the B-dot sensor can be used to infer the 
locations of the lightning attachment points on the aircraft, as 
illustrated in Table III. This result is one benefit of 
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laboratory acala-modal maaauramanta (Fig. 13). 

As a final commant, it ia intaraating that tha tima- 
darivativa data ravaala important ahort-tima-acala information- - 
faat lightning pulaaa and aircraft raaonancaa and raflactiona 
(doubla hump) — vhila by maraly intagrating, ona gata data vhich 
amphaaiza a longar-tima-acala pictura, giving tha ovarall 
diacharga tima and anargy and auggaating tha RC circuit 
intarpratation. 
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APPENDIX It CAPACITANCE OF F-106B 


The capacitance between a circular dick of radiua r and a 
aphara at infinity ia given by Crf ■ 8€ 0 r. For a aphara rather 
than a disk, C m ■ 4n€ 0 r. Wa approximate the capacitance of the 
F-106B to lie batvaan that of a diak of radiua S. 8 m and that of a 
aphara of the aama radiua. Wa obtain C<j[ ■ 410 pF and C m ■ 64S pF, 
and thua for the airplane va taka C ■ 500 pF. 

APPENDIX III RELATION BETWEEN D-DOT AND I -DOT 
The aimpleet caaa for the propagation of an electromagnetic 
diaturbanca ia one where the disturbance maintains the same ahapa 
am it travale and thus is given by f(z-vt). This vould be the 
situation for a wave inaida a uniform, lossless coaxial 
transmission line, for example. Wa will assume this is 
approximately correct for propagation of lightning disturbances 
along the noaaboom and forward fuselage of the F-106B. For the 
propagation spaed, v, va use c ■ 3. 00 E+8 m/s. 

Wa will let the z axis run through the noaaboom and forward 
fuselage and taka the fora-to-aft lightning currant and surface 
charge to be approximately symmetrically distributed about this 
axis. The aquation of conservation of charge can now be written 
in the form 


6i/4z ♦ 6q/6t « 0 , 

where i is currant and q is surface charge par unit length in the 
axial direction. If i is a function of z-ct, than 
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61/&Z ■ - 1/c 6i/6t 


Charga conaarvation nov bacomaa 

6q/&t • 1/c 6i/6t . 

If the fuaalaga ia approxi mataly circular with radiua r, than tha 
charga par unit araa ia q/(2n r>, and thia ia tha aama aa tha 
alactric diaplacamant, D. Thua, dividing tha aquation abova by 
2nr, va find 

D-dot * I-dot/ <2n rc) , 

uaing tha "-dot” notation amployad in tha body of thiq raport. 
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